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A. INTRODUCTION

It has long been known that the slowly varying S component of solar
radio emission, whose intensity is correlated with sunspot number and area,
is connected with solar activity and has its origin in solar active regions.
Early fan beam observations with angular resolutions of a few arc minutes,
for example, led to the conclusion that the S component sources are located
in the vicinity of both chromospheric plage and groups of sunspots; and
because high brightness temperatures of TB R 106 K had been inferred for
these sources they were attributed to enhan:ements in the density or tempera-
ture of the coronal atmosphere overlying active regions. Waldmeier and
Miller (1950) and Waldmeier (1956) suggested that the S component is due !
to coronal condensations with an abnormally high electron density of

Ne N 1010 cm.3, while Piddington and Minnett (1951) reasoned that the con-

densations may also be abnormally hot with electron temperatures of Te ~ 107 K.
Newkirk (1961) next used optical wavelength observations to derive a model for
the enhanced electron density in the coronal regions above chromospheric

plage and sunspot groups, and showed that this enhancement could account for ﬂ

the S component without modifying the coronal temperature from the value of

Te N2 X 106 K which had been inferred from the Doppler broadening and the
excitation of spectral lines. At this time the available data indicated that
the S component is simply the thermal bremsstrahlung of the dense coronal
condensations which overlay chromospheric plage or sunspot groups. A
connection with intense magnetic fields had, of course, been suggested by the
discovery that the radiation is circularly polarized (Covington, 1949); but
this polarization could be easily interpreted in terms of propagation effects

in which the extraordinary component of wave motion is enhanced in the presence

of a magnetic field (Lehany and Yabsley, 1949; Denisse, 1950). In fact,




magnetic field strengths of H N 300 Gauss could be inferred under the assump-
tion that the thermal bremsstrahlung remains optically thin at a wavelength of
about 5 cm where the circular polarization is about 307 (Gelfreich et al.,
1959); while the low degree of circular polarization and the maximum

brightness temperature of T N2 X 106 K at the longer wavelength of

B
A = 20 cm could be explained by thermal bremsstrahlung which has become
optically thick (Christiansen and Mathewson, 1959; Christiansen et al.,

1960). By the late 1950's, then, the centimeter wavelength fan beam
observations of the slowly varying S component could be interpreted in terms
of the bremsstrahlung of thermal electrons in dense "coronal condensations",
provided that intense magnetic fields are also present; but only the larger

S component sources with angular sizes of 0 i 2" to 5' had been resolved in
only one direction, and an alternative opacity source involving the acceler-
ation of thermal electrons by magnetic fields had been overlooked.

Stepanov (1958) showed that the emission and absorption processes
involving the gyroresonant radiation of thermal electrons accelerated by
magnetic fields may compete with the processes involving the bremsstrahlung
of thermal electrons accelerated in the electric fields of ions; and Ginzburg
and Zheleznyakov (1959) showed that the gyroresonant absorption of radio
waves could be important in the solar corona. Zheleznyakov (1962) then inter-
preted the slowly varying S componant of Solar radiation in terms of both
thermal bremsstrahlung and gyroresonant radiation in a model involving gyro-
resonant absorption above sunspots and bremsstrahlung away from them. His
core-halo model was based upon Kundu's (1959a, b) interferometric observations
which showed that the S component sources at 3.2 cm contain an intense
polarized core with an angular size 0 3,1.8' surrounded by a weaker unpolar-

6
ized halo whose angular extent ranges between 5' and 9'. The bright (10 K)




sunspot—-associated cores, which were interpreted in terms of gyroradition
at the second and third harmonics of the gyrofrequency, were thought to play
an important role in the emission of solar flares, while the weaker 105 K

i halo emission was associated with the thermal bremsstrahlung of chromospheric

e s

plage. Additional support for this composite core-halo model with two
radiation mechanisms was independently provided by Kakinuma and Swarup (1962)

who showed that radiation at the gyrofrequency and its harmonics could explain

R O S W RV

the apparent peak in the spectrum of the S component at wavelengths

A =6 to 12 cm, and that gyroresonant absorption produces circularly polarized
radiation whose intensity decreases with increasing wavelength. Detailed
core-halo models involving dipole magnetic fields, thermal bremsstrahlung

. at A< 5 cm and A > 15 cm, and gyromagnetic processes at 5 cm< A< 12 cm

were subsequently developed by Lantos (1968), Zlotnik (1968a, b) and Zheleznyakov
'52 (1970). It soon became apparent, however, that the observations which had
been used in support of these models could have led to misleading conclusions.
The cores remained unresolved with only an upper limit to their angular size
of v 2', This meant that the so-called core could be composed of smaller,

brighter sources which might be associated with either sunspots or bright

plage. Moreover, the dilution effects of observing these smaller sources

T

ik 3

with large antenna beamwidths would produce an artificial reduction in ]

circular polarization which is unrelated to the emission mechanism of the

radiation. ?
; By the 1970's the development of high resolution radio wavelength inter-

| ferometers and synthesis arrays, as well as the development of space instruments
which detect solar X-ray and ultraviolet emission with high spatial and spectral

resolution, led to a renewed interest in the competing models for the structure

of the coronal atmosphere above solar active regions. Lang (1974a), for example,
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used interferometric observations at a wavelength of A = 3.7 cm with an
effective angular resolution of 7" to show that the so-called core sources are
actuvally composed of one or more bright sources with angular sizes of

6~ 20", brightness temperatures of T X 106 K, and extraordinarily high

B
circular polarizations of up to 100%Z. The presence of several bright com
ponents with angular sizes of about 20" and brightness temperatures ranging
between 5 x 105 and 107 K was confirmed by interferometric observations at
2.8 cm wavelength (Felli, Pampaloni and Tofani, 1974; Felli, Tofani, Furst
and Hirth, 1975). Kundu and Alissandrakis (1975) next used the Westerbork
Synthesis Radio Telescope (W.S.R.T.) at a wavelength of A = 6 cm to resolve
a solar active region into several discrete sources with brightness tem-
peratures of TB N 106 K. They were able to show that the circular polari-
zation of these smaller sources is as high as 907%, and that maps of the
circular polarization correlate well with magnetograms of the longitudinal
magnetic field in the lower lying solar photosphere. Subsequent analysis of
the data by Kundu, Alissandrakis, Bregman and Hin (1977) suggested that the
brightest components of the 6 cm emission are associated with sunspots, and
this interpretation was used in support of calculations which indicated that
the 6 cm radiation from solar active regions is predominantly due to the
gyroresonant absorption process at the second and third harmonics of the
gyrofrequency (Alissandrakis, Kundu and Lantos, 1980). Nevertheless, the
W.S.R.T. data also indicated that intense 6 cm emission with TB ~ 106 K is
associated with chromospheric plage where no sunspots exist. Very Large
Array (V.L.A.) observations with higher angular resolutions and better

positional accuracies will eventually determine if the newly resolved sources

are predominantly associated with active region plage rather than sunspots,




and the observations presented here suggest that this may be the case.
The high degree of observed circular polarization indicates an intimate

connection with coronal magnetic fields. Evidence for a correlation between

the slowly varying component and the surface magnetic field of the Sun first

come from eclipse and interferometer observations at centimeter wavelengths

(Tanaka and Steinberg, 1964; Felli, Poletto and Tofani, 1977), as well as from
single antenna observations at millimeter wavelengths (Kundu and McCullough,
1972). These observations indicated that regions of intense radio emission
are associated with regions of enhanced magnetic fields seen on magnetograms
of the lower lying photosphere. Synthesis maps obtained with the W.R.S.T.
at 6 cm and 21 cm wavelength (Kundu, Alissandrakis, Bregman and Hin, 1977; ‘
Chiuderi Drago, Felli and Tofani, 1977) showed that the 6 cm maps of circular
polarization have features which correlate well with the magnetograms, and
B that strong polarization can extend to the 21 cm level of the corona. Lang
and Willson (1979, 1980) next showed that the shape, orientation and dipolar
; structure of 6 cm V.L.A. maps of circular polarization exhibit a marked corre-
’ lation with similar features seen on photospheric magnetograms. Because the
Zeeman effect magnetograms refer to the longitudinal component of the magnetic
field, this correlation suggests that the circular polarization maps delineate
the upward projection of the longitudinal magnetic field into the hotter
coronal regions. Thus, the maps of circular polarization act as a coronal
magnetogram, and for the first time it has become possible to delineate the
magnetic field structure in the solar corona.

In this paper, we present V.L.A. synthesis maps of the active region AR 2032
at 6 cm wavelength, and compare them with Ho photographs and magnetograms

of the same region with comparable angular resolutions and second-of-arc
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positional accuracy. The synthesis maps given in Section II indicate that
the radio emission is dominated by a small (% 30"), bright (106 K), circularly
polarized (407 to 1007) source whose morphological features are correlated
with the chromospheric plage seen as bright regions on the Ho photographs.
Weak or undetectable radio emission was found in the regions directly over-
lying sunspots; but two small * 10"), bright (% 106 K) radio sources were
found at the outer edges of one sunspot where the magnetic field gradient is
large. Our observations are consistent with X-ray observations from rockets
and the Skylab mission which indicate that a hot, dense plasma is contained
within the arches of magnetic loops (Friedman, 196., T.andini, Fossi, Krieger
and Vaiana, 1975; Vaiana, Krieger, Timothy and Zombeck, 1976; Vaiana and
Rosner, 1978). The 106 K X-ray emission lies above extended regions of
bright plage, while weak or undetectable X-ray emission is found directly
over sunspots. The X-ray evidence suggesting cooler or more tenuous regions
in the coronal atmosphere above sunspots is also consistent with E.U.V.
observations which suggest that high columns of cool material project upwards
to heights of N 105 km from cool loops connected to sunspots (Foukal, 1975,
1976). Our synthesis maps of the circular polarization of AR 2032 indicate
that the bright plage-associated source has one dominant magnetic polarity
with a magnetic structure which is correlated with the longitudinal magnetic
field seen on magnetograms of the lower lying photosphere. The brightest
radio source therefore contains an intense magnetic field associated with
the underlying plage but it does not seem to be directly associated with the

magnetic field of the individual sunspots. 1In Section III we provide a theore-

tical discussion in which we interpret the brightest radio emission at 6 cm
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wavelength in terms of the thermal bremsstrahlung of a hot (electron

a -
6 K), dense (emission measure v 2 x 1029 cm > and

temperature Te N 2,5 x 10
electron density Ne ~ 5 x 109 cm—3) coronal condensation. The spatial
configuration, emission measure, electron density and temperature are all
consistent with those inferred from X-ray observations of the coronal atmos-
phere above other active regions. In Section III we also show that the high
degree of circular polarization of the bright radio source requires an intense
magnetic field strength of H = 450 to 900 Gauss at levels where the temperature
exceeds 106 K. We also discuss the gyroresonant absorption process which
predicts intense emission at large angles away from magnetic fields, and

which is confined to a thin layer of i 500 km thickness. Althougn gyromagnetic
processes may account for the two small sources seen at the edges of one
sunspot, the dominant plage-associated radio emission is due to bremsstrahlung
from the hot, dense gas which is known to overlay the thin gyroresonant layer;
and this interpretation is consistent with the association of intense radio

emission with magnetic fields directed along the line of sight. 1In Section IV

we summarize our basic conclusions.

B. OBSERVATIONAL RESULTS
We have used the Very Large Array (V.L.A.) to observe the active region
AR 2032 on October 5 and 6, 1979. The position of AR 2032 on the Sun's

h

surface was 17° N and 61° E at 13 U.T. on Oct. 5, and 16° N 45° E at 13h

U.T. on Oct. 6. The V.L.A. was divided into two sub-arrays to give nearly
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identical u-v coverage at two wavelengths A = 6 and 20 cm. The X = 6 cm
sub-array was composed of 10 antennaewith distances from the array center
ranging between 0.04 and 5.72 km. The X = 20 cm sub-array was composed of
9 antennae with distances from the array center ranging between 0.9 and 17.2
km. The individual antennae have a diameter of 25 m which provided respec-
tive beamwidths of 9' and 29' at X = 6 cm and 21 cm. The average correl-
ated flux of 45 interferometer pairs at A = 6 cm and 36 interferometer
pairs at A = 20 cm was sampled every 30 s for both the left hand circularly
polarized (LCP) and the right hand circularly polarized (RCP) signals.
These data were then calibrated, edited and averaged to make synthesis

maps of the total intensity I = (LCP + RCP)/2 and V = (LCP - RCP)/2.

The data were calibrated by observing 3C 273 for 5 min every 30 min,
and by assuming that the flux density of 3C 273 is 35.14 and 20.5 Jy,
respectively, at A = 6 cm and 20 cm. The amplitude and phase of the
observed data were calibrated according to the procedures described by
Lang and Willson (1979) together with a correction for a difference in the
temperatures of the switched noise source of each polarization channel.
Solar flares, bad antennae, and interference were then edited from the data,
but the u~v coverage at A = 6 cm remained good and uniform. Because the in-
dividual antennae beamwidth at A = 20 cm included the entire Sun, however,
the 20 cm data were contaminated by five solar flares lasting up to an hour
each. Because of contamination by solar flares, as well as calibration and
confusion problems, we were unable to obtain accurate synthesis maps at

A = 20 cm; and for this reason we present the much more definitive results

obtained at X = 6 cm. The calibrated amplitude and phase of the 6 cm data

e e i A
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for each polarization and every antenna pair were taken to be the amplitude

and phase of the source visibility function; and the source intensity dis-
i tribution was then obtained by Fourier transforming the calibrated data and
using the "clean" procedure on roughly 10,000 u-v components for each day
of observation.

The data obtained during the daylight observing hours on Oct. 5 and 6
were used to obtain a synthesis map of the total intensity, I, for each day
(Figure 1). Here the contours mark levels of equal brightness temperature
corresponding to 0.1, 0.2....0.9, and 1.0 times the maximum brightness
temperature TB(max); and the major and minor axis of the synthesized beam

pattern are denoted by the cross marks in the upper left hand corner of the

figure. Assuming a constant brightness temperature distribution over the

synthesized beam area, QB’ we have TB(max) =1.95 x 106 K with QB = 37.98
square seconds of arc on Oct. 5, and TB(max) = 2,50 x 106 K with QB =

27.49 square seconds of arc on Oct. 6. This suggests that the brightest

features of the enhanced radio emission have become optically thick with
a brightness temperature equal to the electron temperature in the coronal
atmosphere; and that the larger part of the enhanced radio emission comes
from optically thin coronal regions with optical depths T = TB/Te %'1.
[Continuum observations at X-ray wavelengths (Vaiana and Rosner, 1978), as

. well as the observed Doppler broadening and excitation of spectral lines

at optical wavelengths (Newkirk, 1961), indicate that the coronal conden-

sations above active regions have electron temperatures of Te =2 to 4 x 106 K].
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The synthesis maps obtained on the two days are quite different,
indicating that the 6 cm emission from solar active regions can undergo
significant structural changes on a time scale of one day. The
lifetimes of the so-called "coronal condensations" and the bright chromo-
spheric plage can also be measured in days, suggesting an intimate
connection between these features and the radiation at centimeter wave-
lengths. In fact, comparisons of our total intensity maps with Ha photo-
graphs of the same regions indicate a detailed correlation between the
regions of enhanced radio emission and the chromospheric plage seen as
bright regions on the Hq photographs. The comparable angular resolutions
and second-of-arc positional accuracy were in part due to accurate optical
wavelength measurements of the sunspot positions which were made by Dr.
Neidig during simultaneous observations at the Sacramento Peak Observatory.
The data shown in Figures 2 and 3 indicate that small regions of bright
plage are associated with enhanced radio emission, and that the structural
changes seen at 6 cm wavelength are correlated with similar changes in the
chromospheric plage. Not only is the radio emission dominated by a plage-
associated component whose individual features are correlated with bright
Ha emission; but there is also weak or undetectable radio emission from
the regions which directly overlay sunspots. Two small (v 10"), bright
(v 106 K) radio sources are found on the outer edges of one sunspot (on
October 6), however; it is likely that these sources are related to the

strongly curved magnetic field lines found at the outer edges of sunspots.
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In Figures 4 and 5 we present the V.L.A. synthesis map of circular ‘
polarization, V, at 6 cm on October 6 and compare it to a magnetogram of
the same region. (No magnetogram was available for October 5). Here,
dark magnetogram areas refer to regions of negative magnetic polarity, ]
and correspond to positive, left hand circular polarization (solid lines);
whereas light magnetogram areas refer to regions of positive magnetic
polarity and negative, right handed circular polarization (dashed lines).
The comparison indicates that the bright plage-associated radio source
has one dominant magnetic polarity, and that its magnetic structure is
correlated with the longitudinal magnetic field seen on magnetograms of
the lower lying photosphere. This provides additional evidence that the
6 cm maps of circular polarization act as coronal magnetograms which E
delineate regions of intense longitudinal magnetic fields (Lang and Willson,
1979, 1980). The degree of circular polarization, p. = V/I, varies from
407 to 1007 in different regions of the bright, plage-associated source,

with its brightest features having the lower degree of circular polarization.

The observed sense of circular polarization corresponds to the extraordinary H
mode of wave propagation. The fact that the brightest radio emission
exhibits only one dominant magnetic polarity, which agrees with that of

the longitudinal magnetic field in the regions away from the sunspots, in-

dicates that bright radio emission at 6 cm wavelength is not, in this case '
at least, directly associated with the magnetic fields of sunspots. Instead,
the circular polarization seems to mark the upward extension of the photo-

spheric magnetic field into the low solar corona in regions between sunspots.
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Figure 4. V.L.A. synthesis map of the circular polarization, or Stokes parameter, V,

at » = 6 cm for AR 2032 on Oct. 6, 1979. Here the contours mark levels of equal bright-
ness temperature corresponding to 0.1, 0.2...1.0 times the maximum brightness temperature
of 1.02 x 10% K. The ratio of the temperatures of the V and I maps indicate a degree of
circular nolarization, p, = V/I, which ranges from 40% to 100% at different regions

in the source.
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c. THEORETICAL DISCUSSION

The detailed correlation between the active region emission at Ho and
6 cm wavelengths (Figures 1 and 2), suggests that the dense chromospheric plage
seen at Ho wavelengths extends vertically upwards into the solar corona where
its hot (n 106 K) thermal radiation is detected as bremsstrahlung at 6 cm
wavelength. The brightest features of the enhanced radio emission may have
become optically thick, for their brightness temperatures, TB’ are about
equal to the electron temperatures of Te =2tod x 106 K which are known to
exist in the coronal atmosphere above active regions. The larger part of the
enhanced radio emission comes from optically thin regions with an optical
depth T = TB/Te-i 1, however; and we can use a representative optical depth
of Tv0.3 to infer the average properties of the emitting region. Using
the optical depth for bremsstrahlung (braking or free-free radiation) which
applies at radio wavelengths for temperatures exceeding 3 x 105 K, we compute
the emission measure, fNZdl, of the radio emitting region using the relation
(Lang, 1974b, 1980)

2. 3/2
102.19 T v Te A 2 x 1029 cm 5 Q)

’

Neag = .5
e fnl4.7 x 107" (T_/V)]

where the numerical value was obtainmed using our observing frequency of

v=5x 109 Hz, a representative electron temperature of Te = 2.5 x 106 K,

and a representative optical depth of T = TB/Te = 0.3. This value of emission
measure is consistent with those inferred from Skylab X-ray observations of the
hot dense plasma distributed in coronal magnetic loops above other active regions.
The X-ray observations indicate Tegj 2.5 x 10° and ﬁNidei 2 x 10%° em >

for the hot plasma trapped in magnetic arches above other active regions




e

(Landini, Fossi, Krieger and Vaiana, 1975; Vaiana, 1976; Vaiana, Krieger,
Timothy and Zombeck, 1976; Vaiana and Rosner, 1978). Assuming that the
vertical extent, L, of the radio emitting region is equal to the scale height
at 106 K, we have L % 1010 cm and an average electron density, ﬁe’ of

2as f ;

1 Y2 %5 4109 el (2)

Ne = I L

Characteristic vertical extents of L % 1010

cm and average electron densities

- N, - §
of NeNJS X 109 cm 3 are also inferred from the Skylab X-ray observations. :
The data given in Section II also indicates that the observed brightness tem—

perature immediately above sunspots is T_ < 5 x 104 K, which for an electron

B

At e

temperature of Te = 2.5 x 106 K corresponds to an optical depth of 1< 0.02,
and from equation (1) and upper limit of INZdQ 3 1028 cm-5 is obtained. This
is also consistent with X-ray observations which indicate that the emission
measure above sunspots is substantially lower than that above plage with % i
emission measures characteristic of the quiet areas of the solar corona where
fNZdQ N 1027 cm—5 (Pallavicini, Vaiana, Tofani and Felli, 1979). In summary,

then, the 6 cm radio emission of active region AR 2032 is dominated by a

bright plage-associated source which can be explained in terms of the thermal

bremsstrahlung of a hot, dense "coronal condensation'; and this Interpretation
leads to spatial configurations, emission measures, electron densities and
temperatures which are consistent with those inferred from Skylab X-ray
observations of the coronal atmosphere above other active regions.

The X~ray data indicate that the topological structure of the coronal

magnetic fields largely determines the physical state of the dense coronal plasma,

and we see the effects of these intense magnetic fields in the circular
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poiarization of the radio wavelength radiation. When a magnetic field is
present, an electromagnetic wave is split into two normal waves, the
ordinary, o, and extraordinary, e, waves; and the classical magneto-ionic
theory can be used to calculate both the optical depths To and Te for the
two components and the degree of circular polarization, pc, of the emergent
radiation. As illustrated in Section II and by Lang and Willson (1980),

the circularly polarized emission at 6 cm wavelength shows a strong correla-
tion with the longitudinal magnetic fields seen on magnetograms, and we may
therefore assume quasi-longitudinal propagation in which (Ratcliffe, 1962;

Lang, 1974b, 1980; Kruger, 1979):

T = T 7
° [1- (/]
(3)
T
Te B 2
[1+ (/W]
and
i exp (-7,) - exp (-7 ) %)
Pe 2 - fexp (1) + exp (-7)]

where our observing frequency v = 5 x 109 Hz, the gyrofrequency vH =
2.8 xlOGHﬁz for a longitudinal magnetic field of strength, H, and T is the
optical depth for thermal bremsstrahlung in the absence of a magnetic field.
Optically thick bremsstrahlung with 7> 1 is not polarized even in the

presence of a magnetic field, and for optically thin bremsstrahlung with

T<< 1, equation (4) becomes

2
2 (v, /V)
H (5)

1+ (\)H/\))2




Equations (3) and (4) indicate that lower polarizations are expected in

the more intense regions where the optical depth T approaches unity. This

is in general agreement with our observation that the brightest features of
the plage-associated source have the lowest polarization and may have

become optically thick. The equations also indicate that the high observed
circular polarizations of between 407 and 1007 are possible in an optically
thin plasma at frequencies Vv near the gyrofrequency vH, and that the expected
sense of polarization is that of the extraordinary wave. This sense of polar-
ization is what is observed at both centimeter and millimeter wavelengths,
but the high observed degrees of circular polarization at centimeter wave-
lengths require unusually high magnetic field strengths in the low solar
corona. Magnetic field strengths of H = 450 to 900 Gauss are required at
levels where the temperature exceeds 106 K if thermal bremsstrahlung accounts
for the highly polarized radiation. In this situation the magnetic energy
density of H2/(8w) N 104 erg cm_3 vastly exceeds the equipartition value
inferred from the virial theorem, for the thermal kinetic energy density in
the "coronal condensations" is 3NekT v 5 erg cm-3. It is no wonder, then,
that the X-ray observations indicate that the dense, high temperature,
coronal plasma is shaped by the coronal magnetic field. Moreover, as we shall
see, the high magnetic field strengths inferred from the thermal brems-
strahlung hypothesis cannot be avoided by an appeal to the gyroresonant
absorption hypothesis which requires absorption at the second or third
harmonic of the gyrofrequency.

A comparison of the Skylab X-ray observations with 2.8 cm fan beam

observations of comparatively coarse angular resolution (16" by 7') indicates
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that regions of enhanced radiation at 2.8 cm wavelength are often associated
with regions of enhanced X~ray emission located between sunspots (Pallavicini
et al., 1979); and this component of the 2.8 cm radiation may also be inter-
preted in terms of the thermal bremsstrahlung of "coronal condensations'. Other
regions of enhanced 2.8 c¢m radiation occurred near sunspots where there is
weak X-ray radiation, however, and this component may be related to the two
small, bright 6 cm sources found at the outer edges of one sunspot in AR 2032,
An alternative radiation mechanism is suggested in this case, where the
thermal electrons may spiral about the intense magnetic fields of the

sunspot; thereby giving rise to gyromagnetic processes which act as an
additional source of opacity and circular polarization. These processes

were used to explain the intensity and polarization spectrum of the slowly
varying component in two-component, ''core-halo" models incorporating
gyroresonance absorption above sunspots and thermal bremsstrahlung in

other regions (Zheleznyakov, 1962; Kakinuma and Swarup, 1962; Swarup

et al., 1963; Lantos, 1968; Zlotnik, 1968a, b). Although the complete
expression for gyroresonant absorption is somewhat complicated (Ginzburg
1961, 1967; Kakinuma and Swarup, 1962; Kriger, 1979), its basic properties
can be inferred from the simplified optical depth formula which holds for
quasi-longitudinal propagation with an index of refraction near unity

{Zheleznyakov, 1970)

2 2n-2
v, L v 2n
P "H th n + 2 2n-2
T = =y . e {1 - cosf)” sin 8, (6)

n n!




2n

TN 2.8 x 101N LA (0.0344)5 2 B (1 F 0s6)? sin?™ 2, (7
e H n+l
n “n!
N2 x lO—lSNeLH a - cose)2 sinze for n =2
N3 x lO—lSNeLH (1 ¥ cos)? sin’s for n = 3
v 7 x107M L (1T cose)? sin®o for n = 4.
_ 3.1/2
Here, the plasma frequency vP = 8.9 x 10 Ne Hz for an electron density of
Ne cmf3, the thermal velocity Ven = 6.5 x 2!.05'1'1/2 at a temperature T, the

factor vth/c = 0.0344 for T = 2.5 x 106 K, the observation wavelength is

A = 6 cm, the frequency v is assumed to be at the nth harmonic of the gyro-
frequency (v = an, n=1, 2, 3...), the scale length of the magnetic field
LH = H(dH/dz)_l is the characteristic dimension for a change in magnetic field
strength, H, with height, z, the angle between the line of sight and the
direction of the magnetic field is denoted by 6, and the + and - signs
respectively refer to the extraordinary and ordinary waves. Just as in the
case of thermal bremsstrahlung, the extraordinary component of wave motion

is more strongly absorbed; and it follows from Equations (4) and (6) that

the degree of circular polarization, P.s for the optically thin case

(1< <1) becomes

. 8)
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For the conditions known to prevail in the solar atmosphere above active

9

2 10 cur3), and a reasonable assumption of LH = 10" cm,

regions (Ne = 10" to 10
equation (7) indicates that the gyroresonant absorption layers are normally
opaque for n = 2, and that they are transparent for all n > 4. The optically
thin condition required by the average observed brightness temperatures

T, < Te =2 to 4 x lO6 K and the high observed degrées of circular polarization

B

Po = 40% to 1007% can be satisfied, however, for special conditions at the
third harmonic of the gyrofrequency. Just as in the case of thermal brems-
strahlung, intense magnetic fields are required at levels where the electron
temperatures are high, for the second and third harmonics of the gyrofrequency
correspond to mangetic field strengths of H = 890 and 595 Gauss at our
observing frequency of v = nv, = 5x 109 Hz. The observed high degree of
circular polarization is predicted by the gyroresonant absorption formulae,
for equation (8) gives QC.Z 607 for all 6 smaller than seventy degrees. The
expected brightness distribution is also a sensitive function of the angle 6,
however, for the sinzn_ze factor causes larger optical depths and hotter
brightness temperatures at larger 6. The brightest polarized radiation is
therefore expected in regions which are at large angles away from magnetic
fields. This is inconsistent with our observations of the bright plage-
associated component of AR 2032 whose emission is correlated with regions of
intense longitudinal magnetic fields directed along the line of sight. The
two small, bright radio sources found on the outer edges of one sunspot

appear in regions where the line of sight is at large angles from the

curved magnetic field lines of the sunspot, however; and these sources may well

be due to gyroresonant absorption. We would, incidentally, expect that high
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resolution observations of the sunspot-associated 2.8 cm emission will reveal
intense sources at the outer edges of the sunspots.

An additional objection to the gyroresonant absorption process for the
"coronal condensations' lying between sunspots is that it occurs in a
thin layer of thickness (Lantos 1968)

_,H Vth $ ~
D = 3 . LH cosf® v 0.05 LH A 500 km. 9)

Gyromagnetic processes only become dominant in a very thin region above
active regions, whereas thermal bremsstrahlung processes occur throughout

the overlying solar atmosphere. For the conditions under consideration

here, for example, we have Ne =5 x 10 ? cm-3, Te = 2.5 x 106 K, LH = 109 cm
and v =35 x 109 Hz, which corresponds to an optical depth T > 1 at n = 2

and also at n = 3 for most 6. We might therefore imagine that radiation

at the second or third harmonic of the gyrofrequency is completely absorbed
in a thin layer above active regions, but that we actually observe the
bremsstrahlung of the hot, dense gas which is known to overlay this thin
layer in the so-called "coronal condensations”. As shown in the preceding
discussion, the bremsstrahlung from this higher lying coronal gas can account
for both the observed brightness temperature and the observed circular
polarization, and an appeal to gyromagnetic processes is unnecessary for the
dominant plage-associated source seen at 6 cm wavelength. In the regions near
sunspots where the coronal gas becomes more tenuous, w¢ might expect to see
the thin underlying gyroresonant layer; but only at special wavelengths

corresponding to the condition that the observing frequency is at the

second or third harmonic of the gyrofrequemcy. This special condition may
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account for the fact that the sunspot-associated sources do not dominate the
active region emission at 6 cm wavelength, when they do seem to dominate

it in some cases at 2.8 cm wavelength.

b. CONCLUSIONS

We have compared the V.L.A. synthesis maps of the active region AR 2032
at 6 cm wavelength with Ho photographs and magnetograms with comparable
angular resolutions and second-of-arc positional accuracy. The 6 cm emission
is dominated by a small, bright source whose detailed morphological features
are correlated with the chromospheric plage seen as bright regions on Ha
photographs. This region of enhanced 6 cm emission exhibited substantial
structural changes on a time scale of one day, and these changes were
correlated with similar changes in the chromospheric plage. We interpret the
observed emission of the bright plage~associated source in terms of the

thermal bremsstrahlung of a hot (Te N 2.5 x 106 K), dense (szdl N2 x 1029 cm_s

? cmf3) "coronal condensation". The spatial configuration,

n,
and Ne ~v 5 x 10
emission measure, electron density and temperature are all consistent with

those inferred from X-ray observations of the coronal atmosphere above other

active regions. The plage-associated source is intimately associated with
intense magnetic fields, for it 1s correlated with the longitudinal magnetic

field, and a magnetic field strength of H = 450 to 900 Gauss 1s inferred from




the high degree of circular polarization. Our observations support the idea

that the geometric arrangement of the coronal plasma is directly related to
the surface structure of the solar magnetic field, and they suggest that the
Sun's longitudinal magnetic field is vertically extended from the photo-
sphere through chromospheric plage into the low solar corona. Weak or
undetectable radio emission was found in the regions directly overlying

3 sunspots, and this is compatible with X-ray and E.U.V. observations which
indicate thuat a hot, dense plasma is located between groups of sunspots, and
that cooler, tenuous regions overlay sunspots. Two additional small, bright
6 cm sources were found at the outer edges of one sunspot, however, and these

sources could be due to gyroresonant absorption processes in the strongly

curved magnetic fields at the outer edges of sunspots. Nevertheless, the

brightest 6 cm emission of the active region comes from a hot, dense plasma
located between sunspots; and this opens up the possibility that the pre-
viously unresolved core sources of the slowly varying S component are pre-
dominantly due to the thermal bremsstrahlung of the '"coronal condensations"

detected at X-ray wavelengths. Under this interpretation, the well-known

correlation of the S component with groups of sunspots is simply due to
the fact that the sunspots are part of active regions which contain a hot,

dense thermal plasma which is trapped by intense magnetic fields which are not

necessarily associated with the sunspots. Our observations indicate that it is

this plasma which accounts for the large part of the enhanced radio emission at

-

6 cm wavelength, as well as the enhanced emission observed at X-ray wavelengths

over active regions.
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